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PROJECT SUMMARY

The overall purpose of the progrom was to validate and
refine models that were developed in Phase I which related fire
control time to the variables fire area, agent application rate,
and «ogent properties. The wmodels were based on the use of the
firefighting agent Aqueous Film Forming Foam (AFFF} which the
United States Air Force currently uses in response to aircraft
ground fires. In particular, the Air Force was interested in the
following typeas of fire configurations:

- One~dimensional fires, where the fire is limited to a
Tixed area fuel spilll on the graund,

- One-dimenslonal c¢rash fires with obstructions and
heated objects within the fire,

- Three-dimensinonal crash fires, where fuel is continuously
fed from an elevated scurce intou on obstructed fire.

Data for the various purametere and fire configurations noted,

was collected in a manner thot greatly reduced the scatter common
to previouely nublichad data sets,

The ganalysis of data for the various fire configurations
resulted in a good correlation between the predictive models and
the actual events being studied.
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SECTION I
INTRODUCTION

A. OBJECTIVE

In responding to aircraft ground firas, the United Stctes
Air Force presently uses Aqueous Film Foriming Foam (AFFF) as a
primary fire suppression and control agsnt.

The time to control or extinguish a fire with a specific
agent is a function of a number oY variables such as the type of
Tuel, the properties of the agent, the area of the fire, and the
extinguishant application raote. However, control time is also a
function of 1less definable variables such as the wenther
conditions, the presence cor absence of obstructiors, and heaoted
metal components within the fire. For aircraft ground fires,

three fire configurations are of particulor concern to the Air
Force:

- One-dimensioncl fires, where the fire is limited to g
fixed area fuel spill oa the ground,

- One-dimensional crash fires with obstructions and heated
cbjecte within the fire,

- Three--dimensional c¢rash fires, where fuel is continuously
fod from an slevated source into an obstructed fire,

Yhe overall objective of the program was to develop and
validate models which related fire control time to the important

variaobles nroted. During Phase I of the study, several models
were developed based upon theoretical ronsideraticns and data
found in the literature, To completely accomplish this goal,
however, there were several specific additional objectives that

had to be met. These were:

1. Desigrn und conduct a set of experimental methods
that minimized the prediction errors associated with
the derived expressions.

2. Determine the 1impact on fire suppression timss of
various obstacles (simulated aircraft parts) that
were placed in the pool fire,

3. Determine the effect on control time of a two-
dimensional  expanding pool fire with a continuous
fuel source.

R




4. Determine the effect on control time of a three-
dimensional pool fire with a continuous fuel flow

from a simulated aircraft wing i.e., a pool fire under
an  aircraft with a "continuous" fuel source from the
tanks.

5. Determine if derived predictive expressions developed

from small- and medium-scale fires could be applied
toward large-scale fires.

B. BACKGROUND

During Phase I of a study to examine these issues, Tracer
Technologies searched over 130 articles and reports to: (1)
determine if prior models of fire suppression had been developed
and (2) +to compile data from which to derive a theoretically
based, empirically validated model of pool fire suppression.

In Phase I two applicable fire/extinguishant combinations
were modeled. These combinations were:

- Aircraft fuel spill fire without the presence of
obstacles using AFFF, and

- Aircraft fuel spill fire with obstacles using AFFF.

The study used data from small- and medium-scale fire
extinguishment tests to develop fire control models for the two

configurations. Theoretical considerutions were used as a basis
for much of the analysis. Stotistical approaches (regression
analysia) were wused to develop the final relationsnips. The

result was an analytical expression for determining the time to
control (or total quantity of AFFF needed) as a function of the
foam flow rate per unit area, and the area of the fire.

The model derived in Phase I was
t = k (A2/7 ;] F4/7)

where t = Control Time (sec)

A = Pool Areu (ft2)

k = ECmperically Derived Constant
F

= Foam Applicotion Rate (gpm/ft2)

The FPhose 1 results indicated that there was a basis for a
fire-suppression model but there was a significant amount of
scatter in the data. This was felt to be due to the inconsistent
manner in which control times were measured by the many different
investigators (198 dota sets were used). In order to assure that

ENT




the models could be applied with a reasonable certainty, it was
determined that a set of data should be obtoined which was
consistent in terms of measurement technique and definition of

parameters.

C. SCOPE

To eliminate the inconslstencies found in  previously
published data sets, data obtained under tightly controlled
conditions was usoed to validate and refine the model developed in
Phese I, To do this, a method to determine, 1in a consistent
manner, the point at which a fire was controlled during the
suppression effort was needed. This was caccomplished through the
use of radiometers which were capable of directly measuring the
heat flux of the fire during each test. Using these measurements
and defining a controlled fire as having 10 percent of the
maximum heat flux of the uncontrolled fire, the control time was
consistently determined. Scatter from data obtained in this
manner was expected to be sigrificontly smaller when compared to
that assoclated with the widely published data used in Phase I.

Additionally, it was felt that further theoretical and
experimental studies should be initiated to extend the predictive
model to include obstacles present in fires, This data was
obtained by placing various types of obstacles in the pool fires
and observing their effects on control time. Three basic types
of obstacles were included in the studies: (1) obstacles that did
not have foam suppression blocking or thermal mass
charccteristics, (2) obstacles that were capable of blocking
suppression efforts but had no thermal mass, (3) obstacles that
haa both suppression blocking and thermal mass properties.

In order to address the third and fourth objectives noted,
data was collected to include the effects on contrel time of two-
and three~dimansional continuous fuel source fires., A continuous
fuel source fire was defined as being a Fire that has a
continuous source of fuel and was, therefore, unable to extinguish
itself by consuming cll of its fuel supply. The two-dimensional
fire consisted of an expanding pool fire with the continuous fuel
source at the pool center. The threo-dimensiocnal pool fire was
configured such that fuel flowed continuously from an elevated
sourca (simulated aircraft wing) and formed an expanding pool at
the base of the simuloted aircraft part.




To answer the fifth and final objective, data was collected
over a range of pool sizes (100 ft? to 4418 ft2). This assumed
that the model developed was capable of predicting control times
over a large range of fire sizes.

Upon completion of the experimental portion of the study,
the models were modified and extended from those 1initially
established in Phase I to specifically address the objectives
outlined. Significant improvements in the errors associaoted with
application of the models was achieved,



SECTION II

TASK DESCRIPTION

A series of experiments was designed to examine the
relationship between control time, foam application rate, and
fire oc¢rea. A  number of fuel and foam physical parameters had
been 1included in the original development of the model and
produced only second-order effects in the control time. The
effect of wind speed on control time was examinad during Phase
II. It wos found it also produced a second-order effect as long
as foam throw distance was not significantly reduced. Once these
relationships were known, further tests were conducted to examine
whet effects simulated aircraft parts in the fire had on control
time. A series of experiments was also conducted with two-
dimensionel ond three-dimensional fires to see how well the
refined Phase I model applied to these scenarios.

Experimentation was broken down into seven tasks outlined in

Table 1. In Tasks 1, 2,and 7, burn rate, control time, foam
application rate, pool area data, and foam parameter dota, were
gathered so that the model could be validated and refined. In
Tasks 3, 4, and % the effects of various types of simulated
aircraft parts on corntrol time were examined. In Task 6, two-

and threc-dimensional fires on control time were examined to see
it the basic model could be applied to these types of fires.
Each task will be described 1in detail in <the following
paragraphs.




] TABLE 1. PHASE II TASK DESCRIPTION MATRIX

AR A A S N P N I A NS N AN N AN NN S SRR R s EERE NN W

TASK # TASK DESCRIFTION TOTAL TESTS

CONDUCTER

~_" L s 2 R 2 3 R 2 B A & AR 3 i et ¥l il ddls il R R YR YRR .:;
1 Investigate Foam Parameters

Burn Rate Tests 18

2 Model Volidation-Area/Application Rate

Burn Rate Tests 15 =

3 Effects of Simulated Aircraft Ports 21

4 Model Validation-Simulated Aircraft Parts 22 7]

5 Mougel Validation-Simulated Air-raft Parts 8

' 6A Two-Dimensional-Model Developn-.nt 13 B
68 Three~Dimensional-Model Development 19 ,i"'-

. 7 Testing With Full-Scale Fires 3
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A. TASK 1

The objective of Task 1 was to examine the relationship of
various foam applicatior rates on control time while holding the

pool. area constant at 100 ft2, Before beginning these tests,
experimental burns were conducted to detormine accurate burn
rates for the pool configurations used, The burnoff rate was

required to accuroctely predict the amount of fuel to be used in
each test to avoid premature fire extinguishment due to a lack of

fuel., The various foam application rates used in each ot the
tasks were expressed in the units of gallons per minute per
square foot of pool area (gal/ft2-min). Table 2 outlines the

parameters of the variocus tests that were accomplished in Task
1.

TABLE 2. TASK 1 TEST MATRIX

TASK # TEST # POOL AREA FOAM APPLICATION
(rt2) (gal/ft2-min)
1 1 100.00 burnrate
1 2 100,00 burnrate
1 3 100.00 0.0250
1 4 100.00 0.0500
1 5 700.00 0.1000
1 6 100.00 0.1500
1 7 100.00 0.2000
1 8 100.00 0.0250
1 ] 100.00 0.0500
1 i0 100.00 0.1000
1 11 100.00 0.1500
1 12 100.00 0.2000
1 13 100.00 0.0375
1 14 100.00 0.0310
1 15 100.00 0.0375
1 16 100.00 0.0310
1 17 100.00 0.0250
1 18 100.00 0.0250
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B. TASK 2

The objective of Task 2 was to investigats the relationship
betwesan pool area and control time while keeping the foam
application rate t¢ pool area ratio constant. Also, a two-point
rather than a single-peint attack wos used for certain tests to
determine if this affected control time. Table 3 summarizes the
various foom flow rates and pool areas used in Task 2 testing.

TABLE 3. TASK 2 TEST MATRIX

N
-
[4)]

500.00 0.025

TASK # TEST # POOL AREA FOAM APPLICATION ATTACK
(ft2) (gal/ft2-min) POINTS
TR ek By s an Lol 2 2 2 % 3 LR R 2 2 2.2 ¥ 3§ % §'3 3 LA L 3 2 2 8 ¢ B E 2 2 F 8 8 & % % & % } LA R 2 2 2 2
2 1 500.00 burnrate -
2 2 300.00 0.100 1
2 3 300.00 0.100 1
2 4 300.00 0.100 2
2 5 300.00 0.100 2
2 6 600.00 0.100 1
2 7 600.0Q0 0.100 2
2 8 600.00 0.050 1
2 9 300.00 0.050 1
2 10 300.00 0.025 1
2 11 6C60.00 burnrate -
2 12 600.00 0.050 1
2 13 600.00 0.050 1
2 14 300.00 0.050 2
2




C. TASK 3

Task 3 was conducted to determine the area effects of
simulated aircraft parts present within a pool fire, without
considering .the etfects of their blocking of fire suppression
efforts or of their thermal masses. This task was accomplished by
placing a thin circular ring in the center of the pool before
fuel application, This ring was tall enough to block fuel from
entering the center af the poel but not so tall as to impede foam
application. The experiment, thus, consists cf two concentric
rings, with the fire burning in the annulus and @ nonflammable
area at the center of the pool ( Ses Section IV). The maximum
€izs of the 1internal ring for a given outer ring size was
constrainaed by restricting the difference in radii batween the
two rings to the thickness that renders the fire optically thick

(see Section V). The ratio of inner to outer areas rag.ged from 5
percent to 50 percent. Table & outlines the experiments
conducted.

TABLE &4, TASK 3 TEST MATRIX

TASK # TEST # OUTER AREA INNER AREA FOAM APPLICATION

(ft2) (ft2) (Qol/ft2-min)
3 1 150.00 15.0 0.1000
3 2 300.00 15.0 0.0500
3 3 150.00 £0.0 0.1000
3 4 300,00 50.0 0.0500
3 5 600.00 50.0 0.0500
3 6 300.00 150.0 0.0500
3 7 600.00 150.0 0.0375
3 8 150.00 15.0 0.2000
3 9 300.00 15.0 0.1500
3 10 150.00 50,0 0.2900
3 11 300.00 50.0 0.1250
3 12 600.00 50.0 0.1500
3 13 300.00 150, 0 0.1000
1 1% 600.00 150.0 0.1000
3 15 300.00 50.0 0.0500
3 16 300.00 15.0 0.0500
3 17 300.00 150.0 0.0500
3 18 150.00 15.0 0.2000
3 19 300.00 50.0 0.0500
3 20 300.00 100.0 0.0500
3 21 100.00 000.0 0.1500
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D. TASK &

Task 4 consisted of an investigation of the relationship
between control time, pool area, and foam application rate with
ocbstacles capable of blocking suppression efforts placed within
the pool area. The obstacles, placed in the center of the pool,
weraea circular metal arcs of varying radius (See Section 1IV).
With the exception of a 1000 ft2 fire, the application rates,
pocl areas and suppressor locations in this task, were identical
to those found in Task 3 testing. This allows a direct
comparison of the two tasks. An Air Force P-4 Fire Truck was
used to suppress the 1000 ft2-fire in this task. The results of
this test were compared with the Task 2, Test 11 results to
determine obstacle effects involved wiith the use of a Fire Truck.
The various test parometers of Task 4 are outlined in Table 5.

TABLE 5. TASK & TEST MATRIX

TASK # TEST # OUTER AREA  INNER RADIUS FOAM APPLICATION

(ft2) (fFt2) (gal/ft2-min)
4 1 150,00 2.18 0.100
4 2 300.00 2.18 0.050
4 3 150.00 3,99 0.100
4 4 380.0¢ 3.88 £.050
4 5 600.00 3.99 0.050
4 6 300.00 6.91 0.050
4 7 600.00 6.91 0.050
4 8 150,00 2.18 0.200
4 9 300.00 2.18 0.150
4 10 150.00 3.99 0.200
4 1 300.00 3.99 0.150C
4 12 600,00 3.99 0.150
4 13 390.00 6.91 0.150
4 14 600.00 6.91 0.150
4 15 1000.00 6.91 0.150
4 186 600,00 6.91 0.200
4 17 600.00 3.99 0.150
L 18 600.00 2.18 0.050
4 19 300,00 2.18 0.050
4 20 600.00 0.00 0.100
L 21 1000.00 0.00 0.150
4 22 300.00 0.00 0.050
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E. TASK 5

The objective of Task 5 was to study the effect of the
pregsence ni° an obstacle of significant thermal mass on the
effectiveiioss of AFFF in controlling a JP-4 fire and preventing
its reignition. The object, which was the same configurction as
the obstacles found in Task 4, would be constructed from either a
mild steel or aluminum material of varying thicknesses and would
absorb and retain sensible heat during a preburn and a portion of

the suppression period (See Section V). During suppression, the
surface of the object would cool down as foam was applied to the
surface. The surface temperature, however, could rise again

above the ignition temperoture of the fuel ofter the fire had
besn controlled or extinguished due to heat transfer from the
interior of the object to its surface. Thus, fuel vapor could
reignite. Table 6 outlines the tests conducted in this task,
The pool area of qll Task 5 tests was held constant at 150 ft2.
Yo determine the effect of the thermally thick object on fire
control time, the data was compared directly to that of the 150
ft? tests of Task &.

To monitor the temperature of the obstacle during the test,
thermocouples were placed on 1its surfoce and interior.
Thermocouple data acquisition ie discussed in Section III whils
test configuration and thermocouple placement is detailed ir
Section V.

TABLE 6. TASK 5 TEST MATRIX

TASK # TEST # FOAM APPLICATION THICKNESS FREBURN OBSTACLE
(gal/fte-min) {in) (sec) MATERIAL
HEWNESE sySsEn REASDENrNASERNSWRREEEREN L 2 £ 2 0 §-3 R | L3 2 1 2 2 ¥ ] LA R 2 3 3 7 J
S 1 .05 1/4 120 Stoel
5 2 .15 1/4 120 Steel
5 3 .05 1/2 60 Steeol
5 4 .15 1/2 60 Steel
5 5 .05 1/2 120 Stesl
5 6 .15 1/2 120 Stesl
5 7 .05 1/4 120 Aluminum
5 8 .15 1/4 120 Aluminum




F. TASK 6

Task 6 was used to exomine the applicability of the

developed model on two- and three-dimensional fires. A two-
dimensional fire is defined as one with an expanding radius due
to the presence of a fuel source. A three-dimensional fire

implios fuel flowing 1in the vertical dimension, as well as
expanding horizontally.

1. Task 6A

The two-dimensiocnol fire was achieved by allowing fuel
to spread radially over a horizontal surface. The fusel source
was located at the pool center at ground level, Following
ignition, the pool would continue to expand unti] the rate at
which the fuel 18 consumed is equal to the input fuel rate.
Section V discusses the methods used to determine the this
equilibrium pool area. Control wos ottempted when the steady-
state condition was achieved. The rate of foam application, the
fuel flow rate, and the preburn time were varied to determine
thier respective effects on control time. Control was not
considered possible if it was not ochieved before the burning
pool reached the slab edge. Table 7 outlines the various test
parameters found in Task 6A testing. A description of the Task
6A test configuration is found in Section IV.

TABLE 7. TASK 6A TEST MATRIX

TASK # TEST # FOAM APPLICATION FUEL FLOW PREBURN

(gal/ft2-min) (gal/min) (sec)
BA 1 6.15 5 30
6A 2 0.15 10 120
6A 3 0.05 15 30
6A 4 0.05 18 30
GA 5 0.15 15 30
6A 6 0.25 15 60
6A 7 0.30 15 a0
6A 8 0.20 10 90
GA 8 0.05 15 90
6A 10 0.05 15 30
6A 11 0.25 15 g0
6A 12 0.15 5 30
6A 13 0.10 15 30
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2. Tosk 68

Ths three-dimensional fire was achieved when fuel was
Gllowed to flow down and off of the sides of an inclined ramp and
spread radially on a flat horizontal surface at the bottom of the

runp. As 1in Task 6A, the burning fuel will continue to expand
until the rate at which fuel is burned will equal to the input
flow rate. Suppressiori began once this equilibrium was achieved.

In Section IV, the test configuration and the methods that were
used to determine the equilibrium pool area are discussed. Table
3 outiines the various testing conducted in this Task.

TABLE 8, TASK 6B TEST MATRIX

TASK # TEST # FOAM APPLICATION FUEL FLOW PREBURN
(gal/ftz-min) (gal/min) {sec)
6B 1 1.618 5 30
6B 2 0.746 1% 30
68 3 0.722 15 30
6B & 0.677 15 90
6B S 0.707 15 120
6B 6 0.692 15 60
68 7 1.131 10 30
68 8 0.737 15 150
68 9 0.760 15 60
6B 10 0.932 10 30
68 11 1).645 5 30
68 12 0.%517 10 30
6B 13 0.4486 15 30
6B 14 0.421 15 30
6B 15 0.967 15 30
6B 16 0.414 15 80
6B 17 0.704 15 90
6B 18 1.053 15 a0

68 19 0.683 i0 30




G. TASK 7.

The object of Task 7 was to determine if the model,
developed wusing dota for relativeiy small fires, was applicable
to larger configurations. The pool crea utilized was 4418 ft2
and suppression was achieved using an Air Force P-78 Fire Truck.
A summary of the Task 7 tests is shown in Table 9.

TABLE 9. TASK 7 TEST MATRIX

TASK # TEST # POOL AREA FOAM APPLICATION
(ft2) {gal/ft2-min)
7 1 4418 0.05
7 2 +418 0.10
7 3 4418 0.20

%
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SECTION IIT

DATA COLLECTION SYSTEM

This section describes the instrumentation and methodology
uzed in collecting the relevant dota. The relevant dota collected
for these tests included that associated with metesrological

conditions, AFFF applicotion rete and properties, fuel consumed,
the relative rodiant flux of the flame over time, temperature of
the obstacles, videotape of each experiment, and visual

observations during each tast.

A. INSTRUMENTATION
1. Radiomsters

Much of the uncertainty in previous suppression dota
orose from the methods used to determine the point of fire
control. A few of the experiments used radiometers while most
visually destermined the point at which the fire was controlled,
A method as subjective as visually determining control times
will not be consistent from test to test. To reduce this
error, we measured the radiant flux from the fire at several
locations around its perimeter. After stecdy-~state was regched,
suppression was initiated. When the radicnt flux reached a level
that was 10 percent of the recorded maximum steady-state value,
the fire was considered urdar control.

The radiant flux was measured, using four radiometers.
The radiometers, monufactured by Medtherm, each had a 150 degree
angle of view. Ths radiometers were calibrated to¢ vyield
approximately 0.25 BTU/ft<-sec per millivolt.

Because the radiometer signal varies linearly with the
hect flux of the fire, piacement of the radiometers in relation
to the fire 1s crucial. The radiometers had to be placed close
enough to the fire to yleld reasonabla signals, vyet far anough
away 80 that they would not burn. Attempts were also made to
spread the radiometers as fTar apart s possible, under thsse
constraints, to remove questions about measurement relative to
the fire ond suppression points of attoack, This assumed that
radiometer signals were indicotive of the heat flux at different
points around the fire and 1independent of each other., By
comparing the signals, it was possible to more consistently
estimate control time.
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2. Thermocouples

In Task 5, barriers with thermal mass were placed in
the fires as cbstacles to determine whether thermally thick
objects would reignite a pvuol of foam-cavered JP-4.

Thermocouples were placed on and in the barrier to monitor the
temperature distribution of the barrier during heating and
cooling. The locations of the various thermocouples are shown
in Figure 8. The thermocouples were Type K thermocouples rated
to 2000 degrees Centigrade.

8. DATA ACQUISITION

1. Radiometer Flux Data

The raodiometer signals were sampled at a sufficlently
ropid rate to obtain an accurate measure of control time. A
sample rate of 2 HZ was determined tec be appropriate. with a
sampling rate of 2 HZ and an average test duration of 2 minutes,
860 data records were recorded for each test. To reduce data
collection problems ard to speed up analysis, data from the
radiometers was collected on both a microcomputer and a strip-
chart recorder via @ Metrabyte Dash 8 data-lngger. The digital
dota wos stored on both floppy disks and computer hard drive.
This enabled quick easy access to the data during testing. A
diagram of the radiometer dota collection system 1is shown in
Figure 1. During each test, a real-time graph of the radiometer
signals was charted on the computer monitor. A sample graph is
shown in Figure 2.

2. AFFF Measurements

The AFFF was 3 percent concentrate, manufactured to
military specification by the ANSUL company. Refractometer
readings were taken after each truckload of the 3 percent
solution was made. Measurements of expansion ratios and drainage
times were conducted for each solution and sach time o different
opplication nozzle was used.

The foam samples cnalyzed were collected by spraying
the foam into o collector for AFFF. This specialized apparctus
collects the foam sprayed from the nozzle and lets it drain into
a graduated cylinaer. The rate at which the liquid drops out

16
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from the foam mass 1s colled the druinage rate, which is a direct
indication of degree and stability and the viscosity of the foam.
A single value usedq tu express the relative drainage times of
differont foams 1s the 25 percent drainage time; this is the time
thct it takes for 2% percent of the total liquid contained . in the
foam in the graducted cylirders to drain out, After the sample
was collected in the graduated cylinder, a stopwatch was used to
note the time at which the liquid level was visible ot 25 percent
of the volume of the cylinder.

After the drainage time was determined, the graduated
cylinder was weighed twice; onco with the foam sample and once
with 1t completely empty. The expansion of the foam, or <the
expangion ratio was then calculated with the following equation:

Expansion = 1400 mb /{full weight of graduated cylinder minus
empty weight (grams))

These measuremsnts are in accordance with National Fire
Protection Association (NFPA) procedures.

Foam application rotes were megsured with in-line
liquid flowmeters and readings were taken during foam
licotion, The amount of foaom used in each test was recorded

with Q totulizer as an  aqalternative methad to measure the
application rgte.

For tests conducted using trucks, the application rate
was determined by: (1) measuring the volume of foam in the truck
before aond after each test and (2) through the water pump rated
capucity of the truck.

3. Meteorological Data

Melesrological meGsuirements  includsd windsposd  ond
direction which were both measured with hund-held anemometers.
Readings were taken before and after each test burn

(approximately 2 minutes apart) and the reported dota 1is an
overcge of the separate readings.

4. Fuel Flow Rates

For Task 6, fuel was continuously fed intc the pool.
The flow rates were measured with a flowmeter and q totolizer was
used to double-check the flowmoter readings. For Tasks
1, 2, 3, 4, 5, and 7 the amounts of fuel used for each test were
measurad with a totalizer.




5. Thermocouple Data

The six thermocouple readings monitored ipn Task 5 were
samplsd at a rate of 2 Hz through a Hewlett-Packard data logger.
The thermocouple data was printed in real-time and was stored on
Tloppy disks for future use, The time of suppression initiction
was marked in the data files as the tests took gplace to
facilitate data interpretaion.

S. Test Chronicles
All tests were rccorded on videotape for future
reference. Data sheets were used to record the data. In addition

to the previously mentioned data, additional data were recorded.
The radiometer locations were noted and sketched for each test
and visually determined control times were recorded with o
stopwatch.




SECTION IV

TEST PROCEDURES AND METHODS

A. EXPERIMENT TEAM

To maximize the probability of achieving the Phase II
objectives, the expertiss of the Phase I toachnical team was
combined with that of the WNew Mexico Engineering Research
Institute (NMERI) to design and conduct the experimental program
at Tyndall AFB, Panama City, Florida. The use of this team
assured continuity with the Phase I program and oadded the
technical expertise of NMERI associated with designing and
conducting fire suppression experimental programs.

B. TEST CONFIGURATION

A1l  tests ware conductad at two fire pits, of 1200 ft2 and
4418 ft2 areas, located at the fire training facility at Tyndall
AFB, Florida. As Figure 3 illustrates, the 1200 ft2 pool has the
shape of a shallow inverted cone and allows tests of all surface
areas up to the 1200 ft2 area to be conducted. Testing for Tasks
1 through 6 took piace in this 1200 ft2 pool. The Task 7 testing

took place in a 4418 ftZ pool.

In Tasks 1, 2, 3, 4, 5 thin steel rings were used to

contain the pools. Each of these rings was measured bpefore
testing to verify the areas that they contained. In Tosk 7 sand
wGSs  uscd tc contoln the pecl. Water was added until the woter

line reached the outlining ring. Fuel wos then odded until there
was an  approximately half-inch thick 1layer flooting on the
underlyling water.

In Task 6, a mixture of sand and water was used to level off
the pool areaq. The water was added so the fuel would not seep
through the sand but would flow laterally across the surface.
The pool areas of Task 6 were harder to determine, since they
were continuous-source fires which resulted in pools that
expanded until the growth rate of the pool wns equal to the fuel
burn-rate. A liquid spill model was develcped to calculate the
equilibrium pool area (See Section V). Visual estimates of the
equilibrium pool area were recorded to verify the results of the
model.
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The following paragraphs detail the test configuration for
each task.

1. Task 1, 2, and 7 Test Configuration

The common factor between tests of Task 1, 2, and 7 is
that the pool fires did not contain any simulated aircraft parts
as did Tasks 3, 4, 5, and 6. The pool areas of Task 1 and Task 7
were held constant at 100 ft2 and 4418 ft2, respectively. The
pool aorea of Task 2 was either 300 ft2 or 600 ft2. Figure &
illustrates the general test configuration of these three tasks.

2. Task 3 Test Configuration

As detailed in Section II, ¢ thin metal ring was placed
in the center of the pool bsfore fuel application, This ring
prevented fuel from entering the center of the pool. The result
of this configuration was a pool fire in the annulus formed by
the two rings and a nonflammable area at the pool center. Figura
5 detuils the gensral Task 3 test configuration. The inner areas
were determined such that the minimum fire area is not less than
100 ft2 and the ratio of inner to outer areas ranges from 5
percent to 50 percent,

3. Task 4 Test Configuration

The Task 4 test configuration included an obstaocle that
could block suppression efforts to certain areas of the pocl fire
(See Section TI). This obstocle consisted of o circular metal arc
whose radius was smaller than the fire perimeter and tall enough
to impede suppression efforts. The positions of the fire
suppressors were fixed at 45 degrees on either side of the fire
axis, parallel to the wind direction uand upwind of the fire.
Table S summarizes the pool areas and obstacle sizes that were

used in Toask 4. Figure 6 1illustrates the general test
configuration.
4. Task 5 Test Configuration

The test configuration of Task 5 is simular to that of
Task &4, except that, in addition to having an obstacle with
suppression blocking abilities, as in Task 4, the obstccle will
also have a high thermal muss, The test configuration
illustreted in Figure 7 shows that the fire size is limited to
150 ft2 and the objoct 1in the shape of a 4-foot radius holf
circle. The obstacle was constructed from aqluminum or a mild
steel, Two thicknesses were wused for the steel slab, 1/4- and
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1/2-inch, while the aluminum slab usad only a 1/4-inch thickness.
The various obstacle parcmeters are sumnarized in Table 6.

As discussed in Section II, the obstocle temperature

was monitored with thermocouples throughout each  test, These
thermocouples were grouped into two sots, with three
thermocouples being in each set. The first set was placed near

the top of the obstacle with a thermocouple being placed at the
midpoint of each face and the third thermocouple placed in the
interior of the obstacle. The second set was placed near the
bottom of the obstacle, slightly above ool 1level, in a
configuration identical to thot of the first set. Figure 8
illustrates the thermocouple positions on the obstacle,

5. Task 6 Test Configuration

The object of Task 6A testing was to study the effects

on control time of a two-dimensional fire. This two-dimensional
fire was achieved by allowing fuel to spread radially over a
horizontal surface. This horizontal surface consisted of a

packed, water-saturated clay. This effectively simulated a spill
on smooth concrete, while avoilding the spalling, cracking, and

other environmentcl problems associated with concrete. A
continuous fuel source was located at the pool center at ground
level. Fellowing ignition, the pool continues to expand until

the rote at which the fuel is consumed is equal to the input fuel
rate, thus, making pool area a function of fuel flow rote and burn
rate (See Section V). Control was attempted when the steady
state-condition was achieved. The general Task 6BA test
configuration 4is 1illustrated in Figure 9. Table 7 outlines the
various test parameters found in Task 6A testing.

6. Task 6B Test Configuration

To determine the copplicability of ths model to three-
dimensional pool fire configurations, an inclined plate waos
installed in the pit used for Task 6A. In Figure 10, the
configuration of the test can be seen where the steel plate, 10
feet long and 3 feet wide, raised 5 feet at one end, was used as
qQ simulation for an inclined aircraft wing. Fuel flowed from a
continous fuel source at the top of the ramp. There was no lip
on the plate, allowing fuel to spill over the sides, as well as
down the plate. As in the Task 6A configuration, the pool areag
depends on the fuel flow rate and the burn rate (See Section V).
The varicus test parameters for Task 6B are outlined in T ble 8.

29




Top View

r = obstacie radius

d = obstacle thickness

Thermocouples

t I 3

v

(o]
Thermocouples

Themocouples
Q

4:
t , Y Pool Level

l« r -

Front View

Figure 8. Task 5§ Thermocouple Configuration
30




wind

o * &

r radiometer
radiometers < ) _ adiometers

v ©

Expanding Pool Fire
r = Pool Radius

Figure 9. Task 6A Test Configuration
31




Ramp

Fuel Flow

Top View

WiFlow

l——  ——
r = Pool Radius

Side View

Figure 10. Task 6B Test Configuration
32




C. TEST PROCEDURE

The following set of procedures was followed for each test

burn.

1. The pool wos either fTilled with a predetermined amount
of JP-4 fuel (simple pool fire), or the fuel flow
initiated (continuous source fires).

2. Recording was initiaoted for the appropriate instruments
and the pool was 1ignited.

3. The fuel was burnsd for an empirically determined
praburn time.

4. Fire suppression was started.

5. After the fire was extinguished, the pit was reignited
to burn off the remaining fuel and foam,

6. The fire pit was prepared for the next  test
sequence.

D. FIREFIGHTING PROCEDURE

All fires were ignited and suppressed by NMERI personnel
trained in Air Force firefighting methods. The filrefighters
fought the fires as they would for an actual emergency fire. For
sach of the tests, they approached the tests from the upwind
slde, For two-person tests, oach filrefighter approached the fire

at a 45 degree angle. In the tests where handlines were used,
the handlines were connected to o premix solution tank in an
Orhkosh model P-4 fire truck. The 4 different tvpes of nozzles

uged on these handlines were the following:

Akron 1710 Turbojet
TFT Ultimatic 126
FEECON Cobra

Wastern Fire Forester

The nozzles were chosen for a fire bused on the solution
flow rate needed.

For the fires in Task 7 and one of the fires in Task 2, the
turrets on the fire trucks wers used to extinguish the fires.

The Task 7 fires were fought with an Oshkosh P~19 fire truck
using a FEECON bumper turret ound an Akron sepinning--tooth roof




turret. The first two fires of Task 7 were fought using trio roof
turret of the P-19. The third fire in Task 7 was fought with
the P-19 using both the bumper and roof turrets for suppression.
The fire in Task 2 was fought using the bumper turret on the P-4
fire truck.

Before every test, permission to burn wos obtained from the
contrel tower and the fire department. A safety officer was
established te ensure that all safety rules  concerning
construction, the test site, and the firss were enforced.




SECTION V

THEORETICAL
CONSIDERATIONS

# This section reviews the derivation «f the Phase 1 model
ond discusses the theory for the thermal mass tests of Task 5 and
the dsrivation of a fuel-spread model for Task 6A.

A. PHASE I SUMMARY

The Phase 1 model was based on a theoretical expression for
the seprecd of a high-viscosity fluid on a viscous (or solid)
fluid surface. It was assumed that coverage of the fuel crea by
foem resulted in fire extinguishment. This model was originally
developed to describe the spread of a high-viscosity 1liquid
spilled instaneously over a 1liquid with relatively lower
viscosity. There were three spread regions:

1. The Inertia Region: where gravitational and inertial
forces dominate.

2. The Viscous Region: where gravitational and visccus
forces govern the spread of the liquid.

3. The Surfuce Tension Region: Where gravitational and
surface tension forces dominate.

The radial spread in each region is given by the following
relations:
Gravity-Inertia
roe= 1,1 % (G*Q)*T (1)
Gravity-vViscous
r =098 % (6*Q/V)»T (2)
Viscous-Surface Tension

r=1.6 * (rho / (u » pw))1/2 » T3/4 (3)
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where T = ¢ontrol or extinguishment time
€ = effoctive gravity (ft/sec?)
=g (1 -pl/pw)
g = gravitational acceleration (32.2 ft/sec?)
p1 = density of the spreading 1liquid (i1b/ft2)
pw = density of underlying liquid (1b/ft5)
v = kinematic viscosity of underlying fiuid (ft2/sec)
Q = total volume spilled (ft3)
rho = surface tension (1b/sec)
uw = viscosity of underlying fluid

By 1lumping all physical properties of the spreading and
underlying liquids in Equations (1) - (3), substituting fer Q the
expression T"AT where A = area and r = (A/pi)?/2, the following
equation relating the total time, Te, for foam spread (and thus,
the control of the fire) to T* and A can be derived

Tc-k1A_1_& +k25.w+k3 A2/3
Tr1/3 Trk/7

where ki, kp, and kz are constcnts.

The first tearm deasciribes the initicl spresad of ths liguid
due to its 1inertial force overcoming gravitational forces. This
term 48 not expected to be significant for the case of foam
opplication from a turret or a nozzle. The last term
describes the spread of 1liquid when a very thin molecular
layer 1is left sc that surface tension becomes important. This
flow regime 1s probably not significunt for the spread of foams
on water. Therefore, foam spread may be modeled using only

the second term of the last equation.

A statistical analysis on the equation t = k(A2/7/F4/7) in
Phase I determined that the coefricient k was 0.64 for non-
obstacled fires and 0.518 for fires with obstacles present. The
correlation coefficlents, which are a measure of how well the
data fits the model, ware 0.774 and 0.760, respectively.

B. TASK 5 OBSTACLE HEAT TRANSFER MODEL

Section IT shows that the objective of Task 5 is to
determine how on object with a high thermal mass affects the
control time of a pool fire. The large thermal mass object,
placed in the center of the pool, was in the form of a circular
metal arc that had a rodius of 4 feet (Figure 7). The metal
object, with large thermal conductivity, can quickly transfer
energy from areas of high-tempercture to low-temperature. The
thickness of the plate, ond the thermal conductivity determine
how quickly the energy 1is trunsferred for a given temperature
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differential. In the cose orf a metal plate in a fire, the steel
plate absorbs a certain amount of thermal energy from the fire

and, the <temperature of the plate increases. Due to a large
thermal conductivity, the center of the plate 1s also heated to ¢
high temperature. During fire suppression, the surface of the

plate 1is quickly cooled by a direct application of foam. After
the fire is suppressed, the surface temperature of the plate will
roapidily increose aes energy is transferred to the surface from
the center of the plate. The main ccncern of Task 5 was that
this surface temperature exceed the autoignition temperature of
the fuel to investigate whether reignition of the fuel would
occur.

To sstimate that the object obtained a temperature above the
autoignition temperature of JP-4, a computer model was develioped
to determine the amount of time needed for the center of an
objeect of a given thickness t6 reach a specified temperature.
The bgeis of this model was a one-dimensional heat transfer
equation with appropriate boundary equations. The coupled
aquations were then sclved numerically. The equation is
represented by

q = k * A dT / dx

where q = Heat rlux
k = conduction Coefficient
A = Unit Area
dT = Delta Temperature
dy = Delta Thickness

Due to the symmetry of the problem, the model spacified an
insulated flat plote of half the desired thickness, with
negligible edge effects. The initial temperature of thes plate
wae ossumed to be 70 degrees Fahrenheit while the total heat
flux ot the  surfoce wos ossumed to be 30,000 Btu /ft2-hr.
Vorious numericul simulations were performed, using the computer
program developed specifically for this problem. A major.
uncertainty associated with the application of the model, is the
cooling associagted with direct applicotion of the foam on the
metal surfoce. To account for this uncertainty in applying the
computer results to the experimental design, a multiplicative
factor was applied to the estinated heating time to help achieve
surface temperatures after cooling and reheating above the
gutoignition temperature.

Figure 11 1s a result of one simulatien, 1in which it was
assumed that the average flame temperature ot the surfuce of the
heated object was 1500 dogrees Fahrenheit. This figure shows the
time needed tc heat the center tempserature of the object to 1500
degrees Fuhrenheit, based on the thickness of the object.
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Figure 11. Thermal Mass Heat Transfer Simulation
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C. TASK 6 EXPANDING POOL MODEL

In Task 6 the applicability of the theoretical suppression
model to two and three dimensicnal fires was studied (See Section
I11). In Task 6A, a two-dimensional pool fire is defined as a
burning pool that has a continous fuel source and 1s exparding
raodially. In Task 6B a three-dimensional pool fire is defined as
burning fuel that first moves down a ramp then forms an expunding
burning pool at the base of the ramp {Ses Section IV). In Task
6A and 6B, these sxpanding pools will reach an equilibrium where
the fuel consumed is equal to the fuel flow rate. When this
equilibrium 1s reached, the pool will stop expanding. It was
neccessary to know this equilibrium pool area for a given fuel
flow rate before actual testing began to choose an appropriate
size fire pit ond find a way to express the fire area used to
predict control tims. This was accomplished by developing a
computer model for a simple gravity-spread fluids model, as well
as a simple mass conservation determination between the fTuel flow
rate and the burn rate. The results of this prediction model can
be seen in Figure 12 where it can be seen that a 30 fooct diameter
pit was sufficient for our purposes,

The gravity spread model assumed that flow is in the radial
girection, and is summarized by

Q= rho ®# V # dA % dt - Mb % dA * dT

where Q = Mass Flow of Fuel
dA = Delta Area = dR * dH
dR = Delta Radius
dH = Delta Liquid Height
dt = Delta Time
Ve (2nga=dgn)l/e
rho = density of fuel
@ = gravitational constant
Mb = Mass Burn Rate / Unit Areaq,

The mass balance mordel assumed that
Mb = Mf

where Mf = Mass Flow of the Fluid onto a surface.
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SECTION VI

DATA  ANALYSIS

This section reviews the manner 1in which control times were
determined from the radiometer dota and the statistical methods
that were used in model development.

A. DETERMINATION OF CONTROL TIME FROM RADIOMETER DATA

Control times were obtained from the radiometer readings.
The criterion for control time was the time at which the heat
flux, as measured by the radiometers, reached 10 percent of the
maximum steady-state wvalue. Techniques were nseded to determine
the time at which the heat flux reached 10 percent of the maximum
value and average the data so that one represerntative control
time would be determined from the four individual rudiometers.

1. Determination of 10 Percent Value of Heat Flux

ontral  time, for thie garies of axperiments, waos
defined to be the time at which the radiant flux of the fire
reached 10 percent of the maximum steady-state value, as measured

by the radiometers. Because of the transient nature of the fires,

this was not a straight-forward tcsk, Figure 2 presents a time
history of the heat flux of a fire. Many random spikes resulting
from the flicksring flame. This ccmplicates the task of

establishing a steady-state maximum heat flux and determining the
time at which the flux 1is 10 percent of that value.

The maximum steady-state heat flux -+was determined by
Gveraging Gail e polnts 5 86CONGS LETOre GuUppression begarn.
This seemed to be appropriate since the fluxes had already
settled to a steady state. Averaging the data eliminated the
spilkes that occurred, To select the 10 percoent value, a more
sophisticated method was used. A curve was regressed between the
point at which suppression was initiated and the time at which

the heat flux reached a level below 10 percent of the maximum

heat  flux. The curve was regressed as a fifth-order equation
with time as the dependent variable and radiometer flux as the
independent wvariable. The control time was then calculated by
using the wequation of the newly regressed curve and the 10
percent value. This method essentially averaged the curve

between suppression initiation and the 10 percent value while
providing oan analytical means of calculating the <¢ontrol time
from the 10 percent value.




2. Control Time Selection

Once a control time has been determined for each
radiometer, a procedure was needed to eliminate faulty radiometer
readings and to obtoin one representative control time from the
remaining control times.

Great care was taken so that each radiometer would be
spaced apart so that flux readings would be representative of
their location and independent of the other radiometer readings.

This was done to obtain an unbiased view of the fire, However,
occasionally o rodiometer's field of view may have been blocked
by a stream of foam, or the steom resulting from the foam being
sprayed on the fire. This would result in an artificiaclly 1low
flux reading. If a raodiometer had been in the flame this would
hove resulted in a flux reading that was unreasonably high. To
eliminate faulty radiometer readings, L] 95-percent confidence
interval was calculated to accept or reject each radiometer
control time. A confidence interval 1is a statistical method of

determining whether o data point belongs to a related data set.
A 95 percent confidence interval suggests that there 1is a 95
percent probability that the data contained within the interval
belongs to a related data set. For a small sample, the 95
narcent confidence interval 1s bounded by the values

x - tg,g7s S/(N = 1)1/2 and x + tg g75 S/(N - 1)1/2

where x = the mean of the sample
tg.g7s = The 97.5 percentile of the t statistic with
N - 1 degrees of freedom,

N = the size of the sample
S = ((1/N)(xy - X)2)1/2

Once the intaearval was constructed, each control tims of
] tegt woe tectad to datarmine whethar it was within <the
interval. The control times not within the interval were
rejected and all values within the interval were averaged to form
ona coritrol time for a particular test.




B. STATISTICAL ANALYSIS

The method of analysis used on the Phase II data sets
consisted of fitting data sets to the Phase I model using a
multiple linear regression technique. A sweep algorithm was used
to compute the-least squares estimates B(i) aoand the associated
regression statistics for the equation

~ n-1
Yy = Bo + 3 Bix
i=]

ik
The analysis minimizes the residuals of the control time ey
kT ¥x T ¥y

where y 1is the observed value of the depend ¢ variable for case
k ond y is the predictad value.

The statistics of primary interest are the sample
correlation coefficient {most often shown as the sguare of the
correlation coefficient) and the standard error of estimate. The

correlation coefficient is given as:

nixy -3Ix3Iy

r
x 2 2 2 1/2
N {[n!x - (3Ix) ] [niy - {3y Z]J
The coefficient alwoys lies between -1 and +1. If, and only
if, all points lie on the regression line, thenr = +1. If r +
0, the regression doas not explain anything about the variation
of y, and the regression line is horizontal. If the r squared
yl

value 18 found to be 0.80, then the regression of y on the
independent variable accounts for 80 percent of the variance of
Y.

The scatter in the vertical (y) direction of the observed
points about the regression plane is measured by the stcndard
error of estimate (SE):

(n-k-1) i

.A“)_- .".
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. If the standard error 1is based on a sufficiently large
sample, it is a good estimation of the scatter of the population
about the true or population regression plane. If the deviations
from the plane are normally distributed, about 95 percent »f the
points 1n a large sample will lie within +2 SE of the plane
(measured in the vy direction). If the deviations are
approximately normally distributed, about 68 percent of the
observed values should lie within the SE of the plane.
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SECTICN VII
DATA PRESENTATION

In this ssction the data for all tasks is presented in raw
form and the relation between control time ond foam c¢pplication
rate for different pool areas 1is investigated. The relation
between burn rate and pool area is also explored. In addition,
three different factors and their effects on control time are
investigated; the effects of windspeed, the effects of the
expansion ratio of the foaom, and the effects of one-person vs
two-person attacks.

A. EFFECT OF POOL AREA GN BURN RATE

Figure 13 is a plot of burn rate in 1lbs/sec vs pool area for
three different pool areas. The relation is 1linear implying that
the burn rate in units of 1bs/ft2-sec is constant. The burn rate
is approximately equal to 0.0175 1lbs/ft2-sec.

B. CONTROL TIME VERSUS APPLICATION RATZ

Figuree 14 - 20 are plots of control time vs application
rate for each task. For Task 6B fires, the criterion for control
wags redefined os the time it tokes for the heat flux to reach 25
percent of the maximum steady-state flux instead of the 10
percent value used for all other tests. This was done because no
Task 6B fires were controlled using the 10 percent control time
criteria.

The plots of the tasks qll exhibit the same pattern of

exponential decay. There are two threshold application rates
present in each task beyond which foam application rotes do not
influence control times. There is a minimum application rate

helow which it tokes a dispraoportionately 1long time to control

certain fires and there is a maximum application rate above which.

there is not a decrecseé in the control time dus to additional
foam opplication,

In Figure 14, representing Task 1 fires, there 1s a
noticechle trend upwards in control times for foam application
rates below 0.025 gal/ftz-min for the Task 1 fires. This
suggests that for applicaotion rates below 0.025 gal/ftz—min
contrel of the Task 1 fires takes a longer time or is not
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possible. This minimum app.ication rote appears to increcse with
the complexity of the fire. In Figure 16 representing the Task 3
onnulus fires, the minimum application rate appears to be at 0.05

guljft?-—min, In Figure 17 representing the Task 4 ond 5 barrier
fires, the wminimum application rote is approximately 0.C6
gal/ft2-min. In Figure 18 the minimum application rate for the
Task 6A two-dimensional fires is 0.10 gal/ftg--min. It is also

for certain application rates bhelow 0.10 gal/ftz-min, control of
the fire was not possible in Task BA.

Conversely, there appears to be a maximum application rate
boyond which the control time remains constant. This i1mplies
that for any opplication rate beyond this maximum, the additional
foam 1is wasted since it dows not decrease control time. The most
obvious examples of this are in Figures 15, 17, 18, ond 19. This
maximum application rate does not appear to change with the
complexity of the filres, It appears to be at cpproximately 0.15
gal/ft2-min for all the tasks.

There 1is, thus, & bounded interval for which there exists a
rolation between focm application rate and control time.
Application rates below the minimum bound result in control times
unpredictably high, while applicction rates above the maximum
bound do not decreasse control times.

fFigure 20 is a plot of control 4“imes vs application rate for
various arecs for ths simple pool fires of Tosks 1, 2, 3, and 7,
There does not seem to be an effoct of area on control time for
these tusls,

c, EFFECT OF WINDSPEED ON CONTROL TIME

Most of the testing took place at relatively low windspeeds
(lese than 15 mi/hr). For the few tests that occurred ot
windspesds abcve 15 mi/hr, there were noticeable difficulties in
applying the foam. The wind would bend the foam stream and carry
the foam furiher in the oair. Thus, some of the foam intended for
a specific targst would be sprayed elsewhere due to the wind.
There were no noticeable wind effects for wind speeds less than

1% mi/nhr. Figure 21 is a graph of normalized control time vs
windspoed. There dJdoes not seem to be a corresponding increase in
control time as windspeed increuses. Therefore, for windspeeds

lese than 15 mi/hr there are no effects of wind on control times,
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D. EFFECT OF FOAM EXPANSION RATIO ON CONTROL TIME

AFFF  axpansion ratios were measured to determine whether
they had an effect on control time. Figure 22 is a plot of
normalized foam exponsion ratio vs control time for the wvarious

nozzles used in Tasks 1, 2, and 7. The foam expansion ratios
were normalized by dividing them by the foam flow rates that were
used for each test and were expreossed in units of
milililiters/gram-gpm (ml/gram-gpm). This was done to resolve thas
effects of the foam expansion from the effects of foam
application rate. As shown in Figure 22, there is no clear
relation between the foam expansion ratio and control time. It

can be concluded that for this set of experiments, foam expansion
ratio did not have an effect on control time.

E. EFFECT OF TWO-POINT ATTACKS ON CONTROL TIMES
In Task 2, the effect of two-person attacks vs one-person
attacks was investigated. Pool areas ond application rates were

held constant and for these tests. Figure 15 1is a plot of
control time vs application rate for one- and two-person attacks.
The diamonds and X 's represent two-person attacks for 300- and
600-ft2 fires while the squuares and triangles represent one-
psrson  attoeks for the 300- cnd 600-ft2 fires, There does not
seem to be «a difference in control time resulting from the
addition of the extra firefighter.
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SECTION VIII
MODEL RESULTS

Data from all tasks was regressed against the Phase 1 model.
For the more complex fires of Tasks 3, 4, 95, and BA, additional
terms wereo developed to account for the variations in the foam
flow necessary to cover the area of a particular fire
configuration, The busic assumption maintained in the
rlevelopment of theze models is that the contrecl time is directly
related to the time it takes for the foam to compietely cover the
fire pool areaq. The end result was the development of one
comprehensive model capable of predicting control times for all
the different fire configurations studied in this program except
three-dimensional fires. Table 10 summarizes the different
models that were deveioped and ths results that were obtained.

A. TASK 1 RESULTS

Tcsk 1 consisted of 100 ft2 pool fires with foam application
rate as the only wvariable. The Task 1 test dota were regressed
against the Fhose 1 model equotion:

T = ¢ # A2/7/F4/7

The empirical cosfficient was equal to C=0.6777. The Sample
Correiation Coefficient hnd a value of r< = 0.946, denoting a
strong relationship Dbetween the theoretical model and the
physical data. The Standard Error of Estimate was 3.39 seconds.

B. , TASK 2 RESULTS
Tusk 2 consisted of pool fires of different pool aureas but
with the same foaom applicotion rotes as Task 1. The data were

T = C % p2/7 ;) g4/7

and the value of the empirical coefficient was C=0.6458. The
Sample Currelation Coefficient was found to be r?2 « 0.954 and
the Standard Error of Estimate was 4.60 seconds.




TABLE 10. SUMMARY OF MODEL EQUATIONS AMD THEIR REGRESSION RESULTS

Task # Model Equation c r2 Standard Error

L2 22 2k 3 2 2 0 2 0 B 1 s & &2 0 2 8 R 0 7 0 S0 1 23 2 3 S NELEES SIS EYLEESESRERESSEESE S22 3 8 F 3

1 T = ¢ * A2/7 ; 84/7 0.6777 0.946 3.39 sec
2 T ac=a2l7 /847 o.e488  0.856  4.60 sec
3 T - w27 847 0.8239  0.958  4.02 sec
R Tac wa2/T /847 1.4048  0.820  8.72 sec
s T - c w27 6417 1.8s52  0.679  4.69 sec
6o T = c »a2l7 /847  1.6570 0.65%  4.48 sec
68 T ~C»a27 /847  2.8080 0.917  5.45 sec
2,7 Toecoeal a7 0.6877  o.948  4.26 sec
5 Te0.68e[A2/7 ; m4/71e  o.6s93  o0.948  4.10 sec

[d/D]O- 1429

:66*[A2/7 ] B&/T}x
[F/F°]6.6534




C. RESULTS OF COMBINED TASK 1, 2, AND 7 DATA

Since the test configurations for Tasks 1, 2, and 7 were
identical except for the varicrnce of areas and foam flow rates,
the test data from these three tasks were combined and regressed
against the basic medeling equation:

T w ¢ » A2/7 / F4/7

The wempirical coefficient had o value of C=0.6677 while the
Sample Correlation Coefficient was r2 = ©.948 and the Standard
Error of Estimate was 4.26 seconds.

A comparison with the regression results of Phase 1 for this
fire configuration indicate that this study was successful in
refining the model and :ieducing the scatter prevalent in Phase 1.
In FPhase 1, the empirical coefficient had a value of C=0.64, the
Correlation Coefficient was 0.774, and the Standard Error was
16.95.

D. TASK 3 RESULTS

As detailed 1in Section 1V, Task 3 1nvolved pool fires with

simuloted aircraft parts, The simulatad parts were in the
conflguration of an annulus which consisted of a concentric ring
within the outer retaining ring. Quter and inner ring sizre
varied 80 as to vary the outer area to inner area ratic. The

Foam Applicotion Rate was held constant relative to these varying
area rotios, The simulated parts did not have suppression
blocking or thermal mass characteristics.

When Tosk 3 dato was regressed ogainst the basic modeling

eguation
T w G % A2/7 § F4/7

the empirical coefficlent was C=0.8239. The Sample Corralntion
Coefficient wos r2 = 0,958 while the Standord Error of Estimcte
was 4.02 seconds, The 1increase in the empirical coefficient from
0.66 (Tasks 1 and 2) tn 0,823% (Tusk 3) indicates that the fires
from Task 3 took approximately 25 percent longer to control than
the flres from Tasks 1 and 2.

1. Task 3 Foom Flow Modael Results

This type of Tire tokes longsr to control than a
simple pool fire becouse the foam has to flow around the onnulus
rather than struight across the pool as in the simple pool fire
model. The differesce in coritrol timez should, therefore, be
reflected in the difference in the distances for the +two foum
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Tlow poths, Figure 23 shows the foam'e flow around the annulus,
The distance that the foum must travel around the annulugs is:

d = pil ® ((r2 - r1)/2 + r1)

witile D 18 the distance the f1oom would travel for a simple pool
¥irs. The basic medeling equation was modifiad teo

T o ¢ * [42/7 ¢ £4/7] = (q/D)0.1429

whore the oyporent 0.142% wos determined by forgce-fitting the
dota o the Tollowing equation:

T = 0.66 » [A2/T ¢ ¢%/7] « (d/D)Y

Whoan the dato from Task 3 were regressed against the

modivied model, the emplrical coeft'iclent was found to be
Ca0.65%9%, The Somple Corraslution Coefficisnt was r2 ~ 0.954 and
the Standard Error of Estimate wes 4.18 seconds. These results

indizote a strong relationship betwoen the moditled model and the
Task 3 data.

K. TASK 4 RESULTS

Lo dotailed ir Section I, the objsciives of Task 4 includec
finding the relaticvsship bstween Control Time, Foam Application
fote  ond Pool Areo in the presance of simulated aircraft ports.
In this Toslk, the simulated parts ook the form of semicircular
borriers of varying radius {(2.18 - 5,81 faet). The barriere were
8 feot high wnag  could block supprexsion erforts 1in certain
+~cglone of the pool., The barrierz did not have ony appreciable
tharingl mass.

When Toaak & datuy wore regressed aguinst the pasic modeling
squation
T = € wa2l7 j p4]7

the smpiricol cogfficient had @ value of C=1,404%, The Sample
Correlation Coefvicient wos r< » 0.920 while tne Stanaard Ervror
of Ffetimate wus 8.72 souconds. fhe value of the empirical

Cony ficlisent, Ce1 ., 4048, indizutes that this type of fire takes
approximately twice ai long to suppress ox a basic pool fire with
no ohstoelos.
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F. TASK 5 RESULTS

As shown in Section II, the objective of Task 5 was tc find
the relationship between Control Time, Foom Application Rats,
Pool Area and Preburn Time in the presence of simulated aircraft
partt wilth suppression blocking and thermal mass charucteristics.
The simuluted parts, identical with the simulated parts from Task
i, conslsted of semicircular barriers that were 3 feet high and
had a radius of 3.99 feet,

When the data from Task § were regressed ngainst the basic
modeling equation

T = C # A2/7 ;) g%/7

the empirical ceefficient was found to he C=1.8652, The Sample
Correlation Coefficient was r2 « 0.979 while the Standard Error
of Estimute was 4,69 seconds. The value of the empirical
constant dictates thot this type of fire takes approximately
three times longer: to suppress than o pool fire with no
cbstocles., From the videotapes it appears that these fires took
longer tu control than the Task 4, fires for two reasons: (1) in
an effurt te cool the barrier, it apprared that the firofighters
spent more time in trying to spruy foam on the barrier, rother
than oround it, than they did in Task 4; oand, (2) there
oppeursed te  be o great deal more vaporization occurring os the
foam hit the burrier than in Tasl &. This would be coused by the
greater omount of thermal energy stored in the Tosk 5 barriers.
It is questicnable whethor the Task § fires would have taken
longer <o control if they had used the samo technique as in Task
4,

T, AFFF Effectivenese 1irn Proeventing Reignition
At  detailed in  Secticn IV, thermocouples wero

placer! 16 the barrier so thot its temperaturc could bo menitored
during fire suppression efforts and after the fire hnod been

axtinguished, Because of different preburn times for caah Last,
the moximum temperature of the barrier vaoried from test to test
but way clways several hundred degress wvbove the fuwl
wutoignition temperature before suppressior begon, In gl coses,

the direct opplication of foam on the barrier cooled the burrier
surfaco temperuture to below the autoignition tomperature of JP-&
Aviation Fuel. However, in two cases, the surfate temperctyre
increared ofter  original suppression to volues above the fuel
outoignition temperature. In those tests, the MWFFF successtully
prevented reignition of the fuel. Tuble 11 sunmarizes the
maximum temperatures reachad ot the different thermocouuple




locations cofter suppression. Figure 24 1is a time history of the
lowerr barrier surface temperctures of Test 5.2, In Test 5.2,
the su:-face temperature of the barrier ot fuel level reached 460
degrece Centigrode, nearly twice the autoignition temperature of
JIP-4 . AFFF  oppears to be very effective in preventing fuel
reignition,
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TABLE 11. MAXIMUM TEMPERATURE AT EACH LOCATION FOLLOWING SUPPRESSION.

TEST 5.2
LOCATION 1 2 3 4 5 6
TEMPERATURE (C) 590 853 676 415 630 460
i TEST 5.3
LOCATION 1 2 3 4 5 6
TEMPERATURE (C) 365 272 161 144 91 115
TESY 5.4
LGCATION 1 2 3 4 ] 6
TEMPERATURE (C) 440 254 171 200 110 152
TEST 5.5
LOCATION 1 2 3 4 5 6
TEMPERATURE (C) 515 438 300 225 126 167
TEST 5.8
LOCATICHN 1 2 3 4 5 6
TEMPERATURE (C) 545 347 217 277 145 177 4
TEST 5.8
LOCATION 1 2 3 4 5 6
: TEMPERATURE (C) 367 310 305 113 102 103
3 LOCATION 1 -  Upper surface facing firefighters.
; LOCATION 2 - Upper surfuce, imbedded in the center of the plate.
LOCATION 3 - Upper surface facing away from firefighters,
LOCATION 4 - Lower surface facing firefighte-s.
LLOCATION 5 - Lower surface, imtedcded in the center of the plate.
LOCATION 6§ - Lower surface faciny owvay from firefighters.

AUTO-IGHITION TEMPERATURE (JP-4) 246 C
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2. Task 4 and 5 Foam Flow Model Results

Because the gocmetric parameters of Task 4 and
Task 5 testing are identical, =~ the data from these two Tasks wers
combined and regressed against a modified equation that
accounted for the different foom flow paths, As in Task 3, a term
was derived to describe the foam's flow around the obstacle.
Figure 25 1is a diagrom of the foam's flow around the barrier.
The distance the foom must travel around the barrier is

d = 3/2 % {r2 - r1) + pi *» ((r2 - r1)/2 + r1) + ri.

The Tesk &4 and 5 data were then force-fit to the
following equation:

T = 0.66 » [A2/7 ; F4/77 = [d/D]Y

where d is the dilstance the foam must flow around the barrier and
D 1s the diometer of ths pool. The exponent, vy, was found to be
0.4138. The data was then regressed against the following
equation .

T =« C * [A2/7 / F["’/7] » [d/D]o-"'158.
For this model Ca0.6606, while the Sample Correlation Coefficient

waos ré = 0.922 and the Standard Error of Estimate was 8.48
seconds.
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Foam Application

d = 3/20r,t) + PUR (per) [240) + 1,

Figure 25. Tosk 4 and Task 5 Foam Flow Modle
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8. TASK 6A OBJECTIVE

The objective of Task 6A was to determine 1if the basic
modeling equction was applicable to a two dimensional fire. As
detailed in Section II, the relationship between Control Time,
Foom Application Rate, and Pool Area for a continuously fueled
expanding pool fire was sought. The steady-state pool area, A,
wos determined through a liquid spill model described in Section
IV. After . regressing the data from Task 6A against <the basic
modeling equation:

T aC ® A2/7 j g4]7

the empiricol constant was C=1.6867. The Sample Correlation
Coefficient was ri = 0.934 and the Standard Error of Estimate wos
4.48 seconds. The value o the empirlcal constant dictates that

this type of fire takes approximately 2.5 times 1longer to
suppress than the basic one-dimensional pool fire.

1. Task 6A Foom Flow Model Results
One problem encountered 1in modelling the foam

spread in a continuous source fire is that the fual flows
outwc~ds from the center of the npool and opposes the inward Tlow

of the foam. The gravity spread model described in Section IV
was modified to account for the flow of foam on fuel and the
opposition of these flows. To approximate foom flow from one

edge of the pool to the other, the pocl area was assumdd to be in
the shape of a circle sector with the radius of the sectur equel
to the diometer of the pool fire area. A diagram of the
equivalent sector is shown in Figure 2§5.

For a circle sector the gravity spread model for
foam on fuel with opposing fuel flow becomes:

Fm = rho # V & dA # dT -~ Mf » dA # dT

where Fm = mass flow of foam
rhoc = density of foum
V = velocity of foam = ( 2 * g * dH)2
dH = height of foam
g = gravitationcl constant
M = mass flow of fuel
dA = Theta * r?
Theta = angle of sector = pi/2
dT = delta time.

69




i

Figure 26. Equal Area Circla and Sector
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This equation was solved numerically with ond an effective foam
Tlow rate was calculated for the time it tock for the foom to
cover the pool area. Appendix A presents a graph (Figures A-1)
that shows effective foam flow rates calculated for different
arens and foom flow rates.

The Task GA test data were then regressed against
qQ modified model. This model has the form

T = C » [A2/7 ; F4/7] » [F/Fe]6.6334

where Fe was the effactive Foam Application Rate for a standing
pocl fire «as calculoted above and Q@ was the actual Foam
Application Rate used in the test. The empirical coefficlent had
a valua of C=0.6539. The Sample Corroalation Coefficient was ré =
0.939 and the Standard Error of Estimate was .00 seconds.

H. TASK 6B RESULTS

As discussed in the Section II, the objective of Task 6B was
to investigate the applicability of the basic model when applied
to a three dimensioncl model. In Task 6B, fuel from a continous
source was allowed to run down an 1iaclined plane (simulated
aircraft wing) and form an expanding pooul fire at its base. The
10 percent criteric used to determine Control Time 1in previous
taske could not be used bscause none of the Task 6B fires were
controlled to the 10 percent level,. Instead of the 10 percent of
moximum steady-~state radiometer output used previously, a value
of 25 percent was used for the Task 6B fires. The pool areas of
the Taosk 6B fires were calculated with the fuel spill model used
for Togk 6GA, when Task 6B data were reg essed against the basic
modeling equation

T =« C * A2/7/F“’/7

the emuirical coefficient was found to be C=2.808, The Sample
correlation Coefficient was r2 =« 0.917 while the Standard Error
of Estimote was 5.45 secornds. This - type of fire takes

approximately 4.5 times longer to control than the simple pool
fire.

Because of the gravity potential of the fuel flowing
downwards and the incline of the ramp, it wus impossible for ths
foam to completely cover the fuel on the ramp. This may explain
why the fires could not be controlled to within the 10 percent
criteria. This particular configuration cannot be modelled with
the assumption that control timc is determined by the time it
takes for the foam to completely cover the pool area. For this
reason no attempts were made to further modify the bsasic model
for the Tusk 6B fires.




CONMPREHENSIVE MODEL

The objective in deriving all the modified flow models was
to nobtain one romprehensive model, capabie of being used for all
the fire configurations, except three-dimensional, encountered in
this progrom: A model of this type would greatly simplify the
task of «choosing a poarticular model for a particulor fire
configuration. This nodel, formulated by combining )l the
models déveloped previously, has the form

T = 0.66 » (A2/7 | p4/7) « (d/D)0.4138 « (F/Fe)6.6339

where d = the distance the foam has %o travel to completely
cover the pool oarea with +the presence of an
obstacle.

D = the diameter of the pocol area

Fe = the effective foom flow rate which takes 1into
account the opposing flow of fuel iIn a two-
cimensional fire.

The extension (d/D) and (Fe/F) terms are extra terms to describe
obstacle fires and two~dimensional Tlres. For a fire ‘without
obstacles, d becomes U and the wadditional term becomus one, For
non-two-dimensivial firas, Fa bacoimes T and ths tarmm  bsoumss
one. The model can, thus, be used for simple pool fires, obstacia
fires and two--dimensional firwes.

The (d/D)0-1429  term of Tosk 3 was omitted since the
(d/D)0-4138  torm can be consorvatively used for Tesk 3 firas.
Tris way only co¢na term can ba used to describe «ll obstacle
fires. For two-dim2nsionul fires, the area can be determined
through the grapn 1in Figure 12 of Section V. There are plots
of Fe wva F for different areas contained in Appendix A to
tfocilitate use of tine model.

Figure 27 is a plot of estimuted vs actual cont-ol time of
Task 1, 2, 3, &, 5, 6A, and 7 datu forr this mudel,
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SECTION IX
CONCLUSIONS AND RECOMMENDATIONS
A. CONCLUSIONS

A stotistical analysis of the data <collected in this
research proaram combined with the theoretical wmodels which
describe the spread of foom en a fuel surface, has shown the
following:

1. It is feasible to correlate AFFF control of aviation
fuel fires with a semitheoretical exprescion of the form

T = C % (A2/7 J F4/7)

where C varies with the fire configuration. C ldncreases with the
complexity of the fire configuration. For simple pool fires, the
results from this study are similar to the Phase 1 results except
that the standard error of the Phase 2 model 1is substantially
lower.

2. A comprehensive model that can be used for simple pool
fires, obstacle fires, and two-dimensional fires was developed:

T = 0.66 % (A2/7 ) F4/7) » (d/D)0-%41%8 » (Fa/F)0.8242
where d - the distance the foam has to travel to

completely cover the pool area with the
presence of an obstacle

D - the diumeter of the ponl arec
Fe = an effective foam flow rate which takes into
account the onposing  flow of fuel in a two-

dimensional Fire

3. The predictive models are limited. They appear to be
only effective for windspeeds loss than 15 mi/hr. At windspeseds
greater tharn 15 mi/hr, there are problems in properly applying
foam to the fire. In addition, there appears to be o lower bound
at which foam flow rates below this bound do not affect control
time. This bound is approximately 0.10 gol/ft2-min for
two-dimensional fires oand 0.05 gal/ftZ-min for all the
other types of fires studied in tnis program (except three-
dimensicnal).




use of AFFF flcw rates greater than 0.15 gal/ft2-min
cen be considered excesgive. Thic was found to be true for dll
Tires oxcept cthree-dimensional fires,

5. AFFF J1s effective in containing fuel vapor such that
re-igniticn does not occur when @ heated object is present in the
fire. In one test, the surface tusmperature of the object was

nedrly twice as high as the fusel autoignition temperature and
reignition did not occur,

§. It 4is cquestionable whether AFFF is an effective method
far extinpuishing three-dimensioncl fires. None of the three-
dimengional fires 1in this study were controlled to within 11U
percent of tho maximum heat ¥lux.

e. RECOMMENDATIONS

The model <appecrs tu be conclusive for simple pool fires.
The roesults of this study compare favorably with those of Phase
1. For obatacle fires, more reasearch is required to study the
effocts of various obstacle types on foom flow and verify whether
the obstacle model developed in Phase 2 is consistent for these
objects.

It Gppsars thot it is Toosibls to model AFFF suppreseion of

A ppreseion of

two-dimonsional models. A promiging model was developed for
the two-dimensionnl configuration, but there is not encugh data

to fully evaluate it. A larger data base is needed for the model
to be conclusive. As for thres-dimensional fires, it 1is possible
that control may be attained with an overwhelming amount of foam

with respect to the fire. The results of this study indicate
that it may be questionable whether a two-dimensionel agent such
ae  AFFF 1e appropriate for a thrse-dimensional fire. More

research is needed to detei mine whether AFFF is o viable ogent in
controlling three-dimensional fires.
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APPENDIX A

E

UTVALENT FOAM FLOW RATES

o]
FOR TWO-DIMENSIONAL FIRES
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Figure A-1. Equivalent Foam Flow vs Actuai Foam Flow
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Figure A-1. Equivalent Foam Flow vs Actual Foam Flow (Concluded)
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